Fagopyrum urophyllum is a cross-pollinating perennial woody shrub species belonging to the urophyllum group of Fagopyrum . Natural populations of F. urophyllum were morphologically classified into two distinct groups, the Dali group and the Kunming group without exception. This grouping was verified by molecular phylogeny based on the nucleotide sequence of chloroplast DNA. The reproductive isolation found between the two groups was almost perfect as the distribution of two groups did not overlap each other. The net nucleotide substitution rate (Da) between the two groups was at the same level as between two distinct species. These data suggests that the two groups should be classified into distinct species if future studies on F. urophyllum confirm complete reproductive isolation and no ambiguously classified populations in the border area of the central Yunnan province of China.
INTRODUCTION
Seventeen buckwheat species are known in the genus Fagopyrum . They have been classified into two groups, the cymosum group consisting of the species with large seeds which are not completely covered with remaining perianths and the urophyllum group consisting of the species with small seeds which are completely covered with remaining perianths (Ohnishi and Matsuoka, 1996) . Two cultivated species, F. esculentum and F. tataricum belong to the cymosum group. This grouping has been supported by molecular classification of the buckwheat species (Ohnishi and Matsuoka, 1996; Yasui and Ohnishi, 1998a, b; Ohsako and Ohnishi, 2000; Nishimoto et al., 2003) .
Fagopyrum urophyllum (Bur. et Franch.) Gross is a heterostylous cross-pollinating species of the urophyllum group which contains the majority of the species in the genus Fagopyrum , but this species is unique as being the only perennial woody shrub species in Fagopyrum . This species was initially classified as a species of the section Tinaria of the genus Fagopyrum (Gross, 1913) , but later Steward (1930) combined this species with all the species of Gross's (1913) section Eufagopyrum of the genus Fagopyrum and treated them as section Fagopyrum of the genus Polygonum (sensus latus) (Steward, 1930) . This section was later treated as the independent genus Fagopyrum (Haraldson, 1978) . The species F. urophyllum was previously known to be distributed in Yunnan and Sichuan provinces of southern China (Steward, 1930) .
Recent molecular analysis of the phylogentetic relationships among buckwheat species revealed that a sample of F. urophyllum from Kunming, in the eastern part of Yunnan province and one from Dali, in the western part of Yunnan province were not monophyletic (Yasui and Ohnishi, 1998a,b; Ohsako and Ohnishi, 2000) . Under natural conditions, the Kunming population was quite fertile, with each individual plant setting many seeds (more than 1000/ individual), whereas the Dali population was found to set a lower number of flowers on each cyme and hence was less fertile (authors' observation) (Fig. 1) . The two populations are also distinct in morphology. Leaves of the Kunming population are urophyllous, whereas the tips of the leaf blades are acuminate in the Dali population (Fig. 1) . Also, the wax on the stem is heavier in plants from the Kunming population. The distribution of F. urophyllum was not restricted to the Kunming and Dali areas. It was also found to be distributed in several districts of Sichuan province, such as the Mengning, Yanyuan and Muli districts as well as in other areas of Yunnan province, such as in the Chengjiang, Fuming, Dayao, Eryuan districts.
The problem that was faced was whether the natural populations of F. urophyllum are able to be divided into two distinct groups, the Kunming group and the Dali group or many more groups. If the differences between the Kunming and Dali populations are continuous, hence the two populations cannot be critically separated each other. To evaluate this problem in the present study, we first collected samples of natural populations of F. urophyllum by conducting an exploration trip to Yunnan and Sichuan provinces of China in the fall of 2002. We conducted a morphological survey on the accessions sampled during this trip and on those previously collected by one of us (see Ohnishi, 1998a ) and attempted to classify each sample either into the Kunming group or the Dali group.
We then analyzed the variation of nucleotide sequences in the trnC-rpoB spacer of chloroplast DNA (cpDNA) on each sample. Based on the molecular analysis, we recognized two distinct groups, the Kunming group and the Dali group among the natural populations of F. urophyllum . The taxonomic and phylogenetic aspects of these groups will be discussed.
MATERIALS AND METHODS
Plant materials 19 accessions of F. urophyllum were analyzed ( Table 1 ). The original sample for each accession was a mass sample of seeds (100-500 grains) collected from a natural population, usually consisting of 10 2 to 10 4 individuals. This species usually was found growing on the edge of farmers' fields or on roadsides as small populations (as frequently found in Sichuan province and in the western parts of Yunnan province) or on mountain slopes as large populations (usually seen in the eastern parts of Yunnan province). In extreme cases, pure stands of this species covered entire mountain slopes. Plants (3-5 individuals for each accession) were grown in ceramic pots in a greenhouse at the Plant Germ Plasm Institute of Kyoto University, Mukoh city, Kyoto prefecture, Japan in 2002, except for several accessions, which were grown in 2003. Young foliage leaves were utilized for DNA extraction and mature plants were provided for morphological survey.
For the morphological survey, we classified the natural populations, based on the shape of the leaf blade; the Kunming group has urophyllous leaves, whereas the Dali group has a leaf blade of which tip is acuminate, supplemented by the amount of wax on the stem and the shape of the flowers when in bloom. The Kunming group has heavier wax on the stem. Blooming flowers of the Dali group appear to be half-opened, whereas the petals of blooming flowers are horizontal in the Kunming group (Fig. 1) .
In the present study only one representative individual was analyzed for DNA sequence for each accession. 16 accessions were analyzed in the present study, while 3 accessions had already been analyzed by Ohsako and Ohnishi (2000) (Table 1 ). These accessions covered the entire range of distribution of this species so far we know (see Fig. 2 for the location of each population and the distribution area).
PCR amplification and direct sequencing
The total DNA was extracted from fresh leaf tissues of each individual using Plant DNAzol Reagent (Invitrogen Corp., Carisband, CA, USA), following the providor's original protocol. PCR amplification of the intergenic spacer between trnC and rpoB was performed using Kod-Plus DNA polymerase (Toyobo Inc., Osaka, Japan). We used the amplification primers trnC5'-R (5' -TGC CTT ACC ACT CGG CCA T-3') and rpoB5'-R (5' -GTA GAT ATT CCC TCA TTT CC -3'). The thermal conditions were as follows: 1 cycle of 94 ∞ C for 15 sec, 10 cycles of denaturation at 94 ∞ C for 15 sec, annealing at 64 ∞ C for 30 sec lowering it by 1 ∞ C each cycle (from 64 ∞ C to 55 ∞ C), extension at 68 ∞ C for 1 min, and the last 15 cycles of denaturation at 94 ∞ C for 15 sec, annealing at 54 ∞ C for 30 sec, extension at 68 ∞ C for 1 min. PCR products were purified with Mag Extracter (Toyobo Inc., Osaka, Japan), and used as the templates for subsequent sequencing.
Nucleotide sequencing reactions were carried out using the DYEnamic ET terminator Cycle Sequencing (Amersham Biosciences, Piscataway, NJ, USA). We used the eight sequencing primers situated about 300bp intervals. Sequencing was performed using a 373A sequencer (Applied Biosystems, Foster, CA, USA).
Phylogenetic analysis
For the phylogenetic analysis of the nucleotide sequences of trn C-rpo B spacer, in addition to 16 accessions evaluated in this study and 3 accessions determined by Ohsako and Ohnishi(2000) , 48 accessions of other species of the urophyllum group were also analyzed, namely 34 accessions obtained from DDBJ/ EMBL/GenBank databases Ohnishi, 2000 and Nishimoto et al., 2003) and 9 accessions of F. gilesii and 5 accessions of F. jinshaense (Kawasaki et al., unpublished) . The species' names, basic characteristics of the species and their distributions are summarized in Table   Table 1 2. See Ohnishi and Matsuoka (1996) , Ohnishi (1998b) , Yasui and Ohnishi (1998a,b) , Ohnishi (1998, 2000) , and Ohsako et al. (2002) for the taxonomic relationships among these species. Nucleotides of the inverted regions were substituted to their complementary sequences. They were then aligned with CLUSTAL W (Thompson et al., 1994) and modified manually. The aligned sequences were analyzed using DNasp version 3.50 (Rozas and Rozas, 1999) for estimating the number of polymorphic sites (Pn) and the nucleotide diversity ( p ) (Nei and Li, 1979) . We also used DNasp version 3.50 for estimating the number of net nucleotide substitution between the populations (Da) (Nei, 1987) .
The phylogenetic relationships were analyzed by the most parsimonious (MP) method and neighbor-joining (NJ) method (Saitou and Nei, 1987) using PAUP version 4 (Swofford, 1996) . The ambiguous regions and gaps of aligned sequences were removed from the sequence data set. For the MP method, phylogenetically informative indels were scored as 1 or 0 and added to the data set. A heuristic search was carried out 100 times with simpleaddition sequence (SIMPLE) and tree bisection-reconnection (TBR) branch swapping. For the NJ method, only the sequence data set were used. The number of nucleotide substitutions per site was estimated by Kimura's (1980) two-parameter method. The bootstrap value was calculated by 1000 replications.
RESULTS
19 accessions of F. urophyllum were morphologically classified, 9 fit the Kunming group and 10 fit the Dali group (Table 1) . Ohsako and Ohnishi (2000) were analyzed together for F. urophyllum . Ohsako and Ohnishi (2000) had found an inversion of 175-185 bp in the trnC-rpoB spacer among the species of the urophyllum group. All 16 newly sequenced accessions had the same inversion as the 3 accessions already sequenced. The total number of polymorphic sites (Pn) was found to be 20 in F. urophyllum , and 17 of them (85.0%) were phylogenetically informative (Table 3 ). The nucleotide diversity ( p ) among all the accessions was 0.00685. The nucleotide sequence of the trnC-rpoB spacer region had already been determined in 5 species of the urophyllum group, for more than 5 accessions for each species Ohnishi, 2000, 2001; Nishimoto et al., 2003; Kawasaki et al., unpublished) . In the present study, Pn Fig. 3 . One of the three most parsimonious trees reconstructed by the nucleotide sequences of the trnC-rpoB spacer.; Length =85 steps; CI = 0.9294; RI = 0.9849; Each branch length is shown above or below branches. and p were also calculated for those species (Table 3) . It can be seen in Table 3 that some species have a very low p , such as F. gracilipes , and others have a high p value, such as F. urophyllum . Both Pn and p were the highest in F. urophyllum among the 6 species of the urophyllum group. When Pn and p were calculated for each morphologically distinct type of F. urophyllum , they were 3 and 0.00099, respectively for the Kunming group, and 4 and 0.00094, respectively for the Dali goup.
Phylogenetic relationship in F. urophyllum Ambiguously aligned regions and indels of 157 bases in total were excluded from the sequence data sets. The sequence data set was analyzed on 1133 bp. Eight phyloge- netically informative indels of 38 bases in total were added to the sequence data sets for the most parsimony method.
Three most parsimonious (MP) trees were obtained with a branch length of 85, a consistency index (CI) 0.9294, and a retention index (RI) 0.9849. The three MP trees showed almost the same branching patterns, but differed in the resolution of the clades, F. leptopodum-F. statice clade, F. gracilipes-F. rubifolium-F. gracilipedoides-F. capillatum clade and F. gilesii clade. One of the MP trees is shown in Fig. 3 . The NJ tree (Fig. 4) showed almost the same branching pattern as the MP tree in Fig. 3 , but was different in lower resolution of the branching of F. leptotopodum -F. statice clade.
From the data obtained it is clear that F. urophyllum can clearly be divided into two clades, the Kunming group and the Dali group. The Kunming group and F. jinshaense formed a sister clade, whereas the Dali group and F. lineare formed a sister clade. These two clades were only distantly related. The number of net nucleotide substitution (Da) between the Kunming group and the Dali group was 0.01119. In the NJ tree, the two clades were each strongly supported by high bootstrap values of 91% and 91%, respectively (Fig. 4) .
DISCUSSION
Differentiation between and within the two distinct groups of F. uropyllum We could easily classify all the accessions of F. urophyllum into two groups without exception, based only on morphological observations (Table 1 ). This grouping also reflected the geographical distribution of the accessions. The Dali group consisted of the accessions with small population sizes from Sichuan province and western Yunnan province, whereas the Kunming group consisted of the accessions with large population sizes from the eastern part of Yunnan province (see Fig. 2 ). Furthermore, the Kunming group and the Dali group were genetically well differentiated. Each group formed a monophyletic clade (Figs. 3 and 4) . 13 substitutions and one indel were fixed either in the Kunming group or in the Dali group. Thus, the nucleotide sequence of the trnC-rpoB spacer clearly distinguished between the two groups of F. urophyllum .
On the other hand, polymorphism within each group was not high when compared with other species in the urophyllum goup (Table 3) . Most of the species of Fagopyrum are heterostylous self-incompatible annual species (Table 2) . Hence, insect-pollinating outcrossing maintains a large amount of genetic variation within a population, as well as between populations. However, several exceptional self-pollinated species, such as F. gracilipes maintain only a limited amount of genetic variation within the population. The high Pn and p values observed for F. urophyllum were mainly due to the differences between the two groups. Lower Pn and p values for each group may imply that the adaptive spread of each group to the present distribution area was rather recent, although the differentiation itself might be very old.
The relationships among the accessions from different localities within the same group were clarified to a limited extent in this study (Figs. 3 and 4) . We need to investigate other molecular markers containing more polymorphisms to clarify the relationships among the populations within the same group or within a population.
Phylogenetic relationship between the Kunming group and the Dali group In this study, two morphologically distinct groups of F. urophyllum were shown to be polyphyletic in origin, which is agreement with all the previous studies (Ohnishi and Matsuoka, 1996; Yasui and Ohnishi, 1998a,b; Ohsako and Ohnishi, 2000) , except Nishimoto et al.(2003) which was based on the nuclear FLORICAULA/LEAFY gene. Nishimoto et al.(2003) stated that the monophyletic relationship was supported by a very low bootstrap value, and that the sequences of the FLO/LFY exon did not contain sufficient information to clarify whether nuclear introgression had occurred in F. urophyllum . A disagreement between the phylogenetic relationship which was based on nuclear DNA and that based on chloroplast DNA was seen in the cases of nuclear introgression without cytoplasmic gene flow ( e.g . Setoguchi and Watanabe, 2000) . More data from other regions of the nuclear genome will be required to clarify this issue in F. urophyllum . However, all data from the chloroplast genome, including that from the present study as well as some data from the nuclear genome suggests a polyphyletic origin of F. urophyllum .
The Kunming group and the Dali group are quite different at the molecular level. The Kunming group and the Dali group of F. urophyllum each formed a sister clade with F. jinshaense and F. lineare , respectively. F. jinshaense and F. lineare are morphologically quite different species. The net nucleotide substitution value (Da) between the Kunming group and the Dali group was 0.01119. The Da value between the Tibet-Himalayan clade and the Yunnan-Sichuan clade of F. cymosum was 0.00226 based on the nucleotide variation within the same region (Yamane et al., 2003) . These two clades of F. cymosum are well established clades which were believed to have diverged 0.70 million years ago (Yamane et al., 2003) . The value for the two groups of F. urophyllum was much greater than that of F. cymosum, implying that the differentiation of the two groups of F. urophyllum took place a long time ago. Yet, two groups have been morphologically treated as one species. This discrepancy between morphological clasification and molecular classification might result from nuclear introgression without cytoplasmic gene flow (cf. Nishimoto et al., 2003) . We need molecular data on nuclear genes to confirm this assertion.
Factors for the differentiation between the Kunming group and the Dali group Whatever the cause of the differentiation of the two groups, whether ancestral polymorphism (Ohsako and Ohnishi, 2000) or geographical differentiation of the populations (Yasui and Ohnishi, 1998b) , gene flow must have been restricted between them by some factor or factors to maintain the morphological and genetic difference between the two groups over a long period of time. The distribution areas of the Kunming group and the Dali group do not overlap. They were found to be isolated by distance of over 100 km (Fig.  2) . Furthermore, reproductive isolation between the two groups can be seen in the percentage of seed set. The percentage of seed set (No. of flowers that set a seed/No. of flowers pollinated) was only 0.51% in the crosses between two groups, whereas it was 25.6% in the cross combinations between two populations of the same group (Ohnishi, unpublished) . Furthermore, their reproductive isolation has been strengthened by a difference in flowering time between the two groups. The Dali group flowers earlier (83-109 days after germination) than the Kunming group (112-137 days after germination) in the climatic condition at Kyoto, Japan (Kawasaki, 2004) . The difference in flowering time may also be present in southwestern China, where the climatic conditions are similar to those in Kyoto, Japan.
Thus, at present time, we may conclude that the two groups of F. urophyllum should be treated as distinct subspecies or even as two distinct species. Before arriving at the final conclusion, an analysis on the reproductive isolation between two groups must be conducted in more detail. Furthermore, we must confirm that F. urophyllum does not grow in the boundary area which separates the distribution of the two groups. If their reproductive isolation is found to be perfect and no other type of populations exists, and each group has reasonable genetic variation within populations, it will be logical to conclude that the two groups should be treated as distinct species.
